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of the individual discontinuities are determined separately and then cascaded to obtain the overall response, e.g., [1, 2] . Although the effect of the sharp metallic edges is taken into account in modified versions of the MMT to calculate the individual scattering matrices [3, 4] , the interactions between the discontinuities is still determined by cascading the individual scattering matrices, thereby considerably limiting the effect of the edge conditions. A systematic account of both the edge conditions as well as the interactions between the discontinuities is achievable through the Coupled-
Integral-Equations
Technique (CIET) [5] . Within this framework, the modes of the uniform sections are given a minor role in favor of the transverse fields at the discontinuities in terms of which the problem is reformulated.
The interactions between the discontinuities are systematically accounted for regardless of their strength. The primary computational effort in this technique consists in computing inner products in the moment method solutions.
These inner products involve infinite sums over the modes of the uniform sections of the waveguides.
The research reported in this paper constitutes a step towards developing techniques which allow the analysis of waveguiding structures with an arbitrarily large number of discontinuities within extremely short CPU times.
With this ultimate goal in mind, we propose to further improve on the CIET by accelerating the convergence of the infinite sums which appear in computing inner products and taking advantage of the sparsity of the matrix relating the expansion coefficients of the electric field at the discontinuities to the incident excitation.
Although the problem of an E-plane step discontinuity is a classic problem in scattering of guided electromagnetic waves, it is revisited here to illustrate the salient features of the approach. The approach will be applied to multistub arrangements in subsequent sections.
ANALYSIS OF E-PLANE STEP DISCONTINUITIES
An E-plane step discontinuities is first considered to illustrate the essential features of the approach, especially the acceleration of the technique.
The structure under consideration is depicted in figure 1 . It consists of an E-plane step discontinuity at the junction of two rectangular waveguides of cross sections a x bl and a x b2, respectively. All metallic walls are assumed lossless. We also assume that only the fundamental mode of the rectangular waveguide, TElo , is incident from the larger waveguide with amplitude equal to unity at the angular frequency w. Due to the symmetry of the structure, only T Eto-x modes are excited by the incident TEIO mode whose dependence on x, is suppressed from this discussion as it is common to all the excited modes. At a 90-degree metallic wedge, the components of the electric field, which are normal to the axis of the wedge, become singular as Ir -1/3 as r -0 where r is the radial distance from the wedge [9] . minor; they agree within plotting accuracy. When only one term is retained in the residual sums, both the reflection and the transmission coefficients are accurately predicted for frequencies lower than 10 GHz.
Analysis of an E-Plane Stub
The previous section presented a detailed discussion of the technique we use to accelerate the convergence of the numerical solution of the original frequency dependent scattering problem.
In this section, we apply the technique to an E-plane stub as shown in the inset of figure 4. We again assume that the fundamental mode of the rectangular waveguide, TElO, is incident on the stub with amplitude equal to unity.
This structure was analyzed in [3] using a combination of the generalized scattering matrix and an analysis similar to what was presented in the previous section.
Because of the symmetry of the structure, the integral equations for the transverse electric field at the two discontinuities are also symmetric. The steps in the derivation are similar to those of the multiple H-plane discontinuities [5] , and the reader is referred to [5] for the computation of the three-and seven-stub configurations of Section III. In order to demonstrate the underlying principle in multistub analyses, we present the two coupled integral equations for the electric field X, (y) and X2 (y) at the two discontinuities of a single stub:
and The transformed functions X I (m) and X II (m) in these two equations are given by and To solve these two coupled integral equations, we expand the two functions in series of basis functions.
Since the two discontinuities have essentially the same geometry, we use the same sets of basis functions to expand both Xi (y) and X2(y). only very few terms are needed for these matrix elements.
RESULTS
The basis functions of the last section are used to determine the return and insertion loss of the stub analyzed in reference [3] . Figure 4 shows the reflection coefficient of this stub as a function of frequency. The solid line are results obtained from the present approach using 2 basis functions.
The dashed line are the results from the standard Mode-Matching Technique (MMT) using five modes but no edge conditions.
(Note that the number of modes in MMT is increased within the stubs according to the height ratios.) These are identical to those presented in [3] and [11] within the readability of the quoted results. The agreement between the calculations and the measured values from reference [3] is excellent.
Note, however, that the results obtained from the CIET move slightly closer to the experimental values. Figure 5 shows the reflection coefficient in dB of a three-stub structure as investigated in [3] . Three basis functions are used at each discontinuity within the accelerated CIET. Also shown are the results obtained from MMT using 5 modes (dotted line) and 15 modes (dashed line). The agreement between the simulated results and the measured values of [3] is excellent.
A comparison between the results from the present work and those obtained from the MMT with the proper edged conditions [3] , or the multimode model presented in [11] , shows that the location of the resonance peak occurs at a lower frequency in our results, i.e., closer to the experimental location. Both methods presented in references [3] and [11] predict this peak at 11 GHz. Results from the CIET indicate the resonance to be at 10.90 GHz. The measured location Figures 6 show the computed performance of a seven-stub bandpass/band-reject filter as used in diplexing applications, e.g., [12] . In order to not only avoid the issue of determining the number of accessible modes and cascading the scattering matrices, in which the modes of the uniform sections play an unduly crucial role, but still to accurately account for the strong interactions between the different discontinuities, we formulate the problem in one step and include the proper edge conditions at each of the discontinuities. '
The return loss and insertion loss of the filter using the accelerated CIET and the MMT are depicted in figure 6a and 6b, respectively. The agreement between the results of the two simulations is excellent. In order to obtain a fair comparison with respect to the CPU times involved, a conversion analysis was first performed with the MMT. This resulted in nine modes at the input and, since the stubs are about twice as high as the input guide, 18 modes in the stub sections. The corresponding number of terms for the same field resolution in the CIET is 18. For 320 frequency samples and using 4 basis functions and 3 terms in the acceleration process, the accelerated CIET is 2.1 times as fast as the direct CIET, and 28 times as fast as the MMT.
More modes in the MMT as well as more basis functions in the accelerated CIET yield negligible changes in both the return and insertion losses of figures 6a and b. An increased advantage of the accelerated CIET versus the MMT is obtained for structures requiring more modes (terms).
As an example, the same seven-stub band-pass/band-reject filter was recalculated with 30 terms (30 modes in the stubsections, 15 at input), while all other parameters remained identical. In this case, the accelerated CIET turned out to be 2.8 times as fast as the direct CIET, but 100 times as fast as the MMT. 
CONCLUSIONS

